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YR 4 R E I B TTHEAT I TR ORT BIRS, B DB 1 ().
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Figure 1 Refinement of an element. (a) Regular refinement; (b) bisection refinement

AR AR T, B R A PR IT T SRR EA TR A A BR e ik —. R, BIERA FRICITER
WHFE R BT 20 252 DR — B2 R A S TRETHSL A T

FE B IERNA RITITE RSB, — M2 R BTN (4073) RIS R .
BLTC N SRR R OR R BT AR IE NI, RIS R N a8 AN 2 AR R BT (A s R L £y
AT 0 B 7). XPRRE RS T 5, B0 N BRI R DR WU RS R B AR R k. P A B e 2 B vk
APIRIE: B—FHOAEN IS, AN RITd R 22 MBI T3, B d 2 E4E, 2
W 1(a); 56 —FFRN s, LB Raifb e (" =M, =4I iA) #p ) v
1%, EATER T — 230 (BRI, R L i b sl (RO IR RIS ANEZ0 E )& TS AR
ERKG T N, I 1(b). IR A RES H AR OR KR L ICH AR IR, T RS PR B A
P RE N St Bumap Ik FiIE | il o K el 1o =5 i) i eyl (1 MR SO E S i 27 o 53U T EA R
1% (ved-green algorithm) (1. 1] 31 SEy% e, PO A% 0 RE (A W PR U 0@ e 36 24 22 0 — 28 5 7 22
R B TC A AT PR Y B TE R IK B

T IR S R [ I SHE BT SV X A A B A RREL 2R A A R B R, T RLORORTT
PA FRTCSERI Bt A RISEE, DRI 32 20 VF 2 B 51, 5502 I B & R Sk vt S LR 73
HTEIRHIE SRV, D 7 ORIE T BT AR IR I 1, 20 0 s S50k v in 32 1 e 6 0 BT — € 1)
PRI, A A B Kl g s BT R T A A in s B

FE AL — oINS, o B T i TR a3, i e A B S N A TR IR
WP 2 (=R 5T DUNEER b RAE R, Tt =4E (DOTRRIRG) K& Em4Es e, BAR
KRERBUE IR P RS R I P REG5 15 2 OR%F, (HIH BRI B2 H ATRIRE — 2T 1A .

FERCH TR — 0 DN SEE TR, 146 5.0 I N e S 12 SRR s (R 2, T o 7= 26 R B B Te iR
BTN 5 T TR . 0T =4 S S 4R, 1 T B I IR in 2 T — 2%, BRI AR 24K
P — B BB E 7 B C RN L. 5 Kl = InE FIE AN, SO T — 20 0 & S ™
A B N R RS TR IR WA P A% BRARAIE A, O H— Se BB SC IR W, JLR™ A2 10 E @ R A% o
ORI oA B P T 75 A5 N 25 1) R e H i A5 2 O o T — LR RIS, 20 52 4 1R 45 I EL A4
=SIEA R AR S HATT AR A% BT 0 e 2 s A B N BT RN, U s S Kl =
HR AR, FSL L, EORT TR 0 I Th N I AR 1 BRI A A5 A A SRR R BT ) B KA
IR Y 159,
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BT PR G TH 5008 % R F RSSO, LR3I a5 S0k 1 sl J 1 38 L o ) 8 B A R 2, A
58 ENA BRICREF I gm ) B AR E . STk, EEr B A 20 e 90 RS E T —HEEMN
AR G TR, TSR & & TR S BENA RIGREF. — AR HiE
MNA PR TR S M T BAE R UGE2) deal 1113 1ibMesh ['4, FEniCS DOLFIN 151 ALBERTA [16],
iIFEM 7], PLTMG 8] 845, X &5 T2 A, XF MPTY J#4704 deal.Il, libMesh il DOLFIN
S AN 3 BR A IE N R AT WA R INE . AN BE S, W DOLFIN, $@ 4t T2 T i Kid = n &
(147 IR Jed 3508 0 2 Th .

HATHENA R MHT 4 PHG (parallel hierarchical grid)? A E &l 22Bi Rl 22 5 TREHHE E
FHE RSB A FT LR AR AL A E N ARG &, PHG P &3 AR T 5ol i sl =40
BB DU TR AR A 1 38 SR 3N 2 R h-p EIE R, I H SRR AT RIgh & 71 80P 5. AU
PHG V& [ BEINREB AL O HIE, U ABATES LRI 27 & KR M — B & KBTI
SLRE 1A PR TR FE T

AR AR HLEGT: 5 2 THH PHG P& M R E DRI O BIE; 88 3 T H KA
JEZR BB, 26 4 WA BAEY TR IS T IEE R B 5 AR S B AR S HUREL 5
6 WA EVKIERERL 5 7 AN PML &0 RS, A 8 WA MG AR .

2 HMTEENBRTRHETE PHG

PHG “FEMERKH C IEFMSE, 2T MPI & OpenMP?) SEILIFAT. PHG ~F & HALTH A6 4
77 A R AR 1, B sGBA 3E E0 RAFE A% (GRID) ARRckE k% (DOF_TYPE). HH
f£ (DOF). WL (MAP). JFE (MAT). [A& (VEC) 5. PHG “F & IH i 1% B0} oK 55 1 & N A BRIC
T B ANARRD, G AT S R AT BR G A, A s BN, 5 a2 A
PHG 1 & [ A LA URK 75 25 2 AT R AR, SERHEAT AR BN S

2.1 WIEREIST FHATRAR BRI E 5SS

PHG “F &1 MPL J47 5 T WA &1 3 Se B, 5 HARIEAT A BROT AT — A, RRRAE BR 7o A &9 A
5 MPI 2 AEFECH 07 M, AN EFE R ST ALEE— AT A%, PHG “F & R 2 2 T
BITHHT, R EEBRITEERI A p A (p DT EEET MPT L) BEAMZH T4, 84075
R R — ST X XA 1) 23 B0 SR e IR i /D A IR v b 7 XA TR (3845 . FH IR X ) 4 B
VR U5 53 S st U A Ak 43 1090 J) 4y By (20:2404) | DL R S Hamilton Bf42 122230 123 A] 35
a4k P4 (WL, 5%, PHG FE WEBSEIL T UMIE T Hamilton P42 A7 [A)3H 70 i 28 1) W A% 51 43
Hyk, FEIRAE T 5% H RS 84 ParMETIS Al Zoltan 1291 {4 0. PHG P& Ik K1 43 F1 FE47 5K
PO 32 B, A AT DIAR S B O B U (5 bR FH AN 5] (1) X 20 BV

PHG V& SCRERAT 2 B I8 DY 1 A4 WA 34T 558 T — 0 R s s 24 S N — AP0 008 DY T s DX s
i, PHG V- 5 B4 2 B S50 5 B AN B RN 3 R BRI 86 300, n 6 7= A2 () 3807 B o R &5 2 AL A
T4 JERRR e BN B SR E . 24 R AT RS R g i, AR AR R B G MR (b

1) MPI forum. http://www.mpi-forum.org, .

2) The parallel adaptive finite element toolbox PHG. http://lsec.cc.ac.cn/phg/.

3) The OpenMP API specification for parallel programming. http://www.openmp.org) .

4) Family of graph and hypergraph partitioning software. http://glaros.dtc.umn.edu/gkhome/views/metis/parmetis/
index.html.
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TESRNE ) $6 5 5 N ) BT AN &S B, RSV PHG - & 5245 A% 0 o8 25, 4 R] 58 BRI RS D
JRFERINE . X T IRAT RS, B EZH] 53, 20T BANE MPT BRI RIS, PHG ~F & B RS R 000 % 2
FEFATHEAT R, JFH AT DLRAEAF B 55 8547 A — R I 45 R Y.

PHG “F &5 T 58 B IFAT A% S5 S LA DI e (unrefinement). IR KELA A2 A% 5 1) 30 [ 45
VR, "ERE TR R BN (Y T8 S A RN EE BT AT, RS SR R A A — 28 I R, 5 ik e i,
HIEN TR PR T . PHG 16 FOVF AR R & s A= S AL R 4T, RO — 85 ST AT /)
RN, T g — o S ICHEAT R ALK, R IR ORAIE PR RS PR B A B A 1

AT, PRI T BRI EEZ R, AT A RIS, SR A 5 3R T
X ezt R T e . BENTH SRR T, AR R BN | AL & e A HERE 1 SR BT I A
GUREIANTA, T TSR B 1 WS ) 70 AR GE R 80T, X — IR RN sl A& 71 80T, PHG F
BARALE RIS MBCF TR, P R/ R AT G 1R ARl 35 TS ek 8, (0T B 358 Mg E
ki gr . FICAN ] B RS DAHT T ks A 1261,

2.2 BRITHESEERK

PHG V& Hfefit 7 a0~ SRR AT PR TR s 4

(1) AR 4h R B R i 3, PR Lagrange BUEEpR 8, EAN 15K B A BRT S (02 HY PR, %
FHF 615 2 im] /T 155 PA Lagrange 36 R ECAREAE, PHG ~F & P A WA FR JT (Discontinuous
Galerkin, DG) 7} f37 $F.

(2) AERWE AR AL 72 Z R, IR R R RS R m P R R B S 114, [P H]
PAFE A [F] 500 FH AN [E] B (14 255 o 5k A i 2 A B R 1A R G R 48, AT SR B hep BOERLTHEE 281, PHG
PG BT SEHLI 2 R SR EORIR T STk [20~31], BT AR T HY, H(curl) A1 H(div) 23 8 #2005

(3) oA kAL, TS CRE R AL, WARE S IR (mass lumping) JERREL, 7R CH A BIEAZH, A
T AT AR SRR B X A K, 2 T s AR T H A 234 T = oo i o B R 4L, PHG
FERAE T AR SEBHESE, W DA R OE R R . = A TR AN DY TR A S ) e i e R
BRI KPR A3 A2 — AN DR Py I 8, SR v 2 60 ) = T2 R DG T A PR s P v B 98 7 2 R SR 2
ATE LLE O —AFHREUER 2 R 7 B Sy dEah, 7RIl — 2 4R TF B m i o 2 R 20
SR, R BT — L =M bR o e 4 B

PHG ¥ & WEUE R SR T RS TS BUE AR 2. Resiltth, PHG BOUERS HEL&H KE=MTE
AT AR E R FRBUARR 73 A 2K, Hd oy A S0 A @ tH F AR B B9 e A RIo i 5
HE G, AR A N E A PRSI T K F AL B S %

N5 AR BN PR T EE S, PHG T 6 0 BRICBBo0 R At 1 AR ia 5. el
M, SRR R AR ZE M U TR, PHG CFERME T —MEAED, AT REEES 2R
EEPRE KA f(x) BT k& R~ 77 AR 5

[P @i,
I3

Hrp, FACERHITH; [, RRE F_ERBRE; p() S IRERBEZ AR S, © T DR ESEAR, 51
LRI R (RREGY) BOGRk (MIREGY), 545,

B IE A R ICH BRI R 2 TR B 22 AT 5 SO U BE, AR R HOARE S R IL B
EONE AT, Hod, — SRS (AT SEBUR AR LY. PHG 1 &0 24 i 9 5 EEARTE 5O,
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Wi KREE (max strategy) 78 557041 5K BE (error equidistribution strategy) RIERZE T FF SR %
(guaranteed error reduction strategy, GERS) 371, MINS 3% (MNS-refinement strategy) 381 2, #HT 7
G —HIFAT LI, A B A B9

2.3 WRHiAEME S LMK ERS

PHG “FE8E — MR AEAREARE I, TR 70 2 ) B AR B 50 P 8 2 L 20 J7 R 2 1) oK e A
REAEAFL 10 750 P 3K .

PHG “F&H, Fbi e B 32 R H 40 A0 NI AT R 46 B A7 45 20 (compressed sparse rows, CSR).
XA IR 7T B O™ A AR LR [, ~F & 52 A PR T B el B2 3 () 500 B A RS, AR B T M R R 38 4
JRI W FE AR R ) 235 Btz Ak, SR (A8 K 3 =i AR P A%, PHG - 638 KR — Pt 5O% 0 AERE, B
“TCHFE” FEFE (matrix-free matrix), ‘B8 8 H P 48 58 1 BR BCR 56 O BRI LA I S I8 B, T FH T
SEHL— SRR IR AR FE IS 5, DLAE PHG P& H B 38 58 =07 AR B A% R4S,

XPTEAETTREA KR, PHG & WEBSCIL 1 LR ST, S ILYERE V% (conjugate
gradient, CG) 401 I~ X He/MNk &% (generalized minimal residual, GMRES) #1 &£, b7 4 PHG
FERRAE T 5RESE = R RS 0, 35 PETSCY), HYPRE®), Trilinos”, MUMPS®),
SuperLU?), 225 Hri PETSc, HYPRE Al Trilinos J2& 437 H1 35 [ i LA [ 58 5256 = & H R AR R
ViR mas i, Hp e 7 RERIERSKAE T, T MUMPS A1 SuperLU WK 17 1] [7) A B 4 B 1)
B ICKRETTE. PHG FH AN B RSRMEAE A 7058 =7 KAE4S (0 PETSc) #2444t 7 RIE 1
AR, P AT DA (15 B AR AR PHG P& PRI SEEL 7 — SeRRR I P2k R 7, ELFE SR
— B I ) PR R B I Schwarz Ti2&4FF (restricted additive Schwarz preconditioner, RAS) 421 sk
RS Maxwell 77 F2H) Hiptmair-Xu TRE&MFF [43] 25

X TR 0 R R A, PHG P60 LT —ANg—IHESE, F T SEIL5 AR 28 = 7 R AEAE SR i o
A . EAT, T IZAEZE S T8 SR =7 RR AR AR SR M 88 6045 Trilinos W0 H T ) ANASAZIL ¥
£310) F&F PETSc ) SLEPc #4510, BLOPEX 44 1 Parallel ARPACK 45), £525  F] prn] LR
Fr SR 0 i) R ) 14 5 7 (58 328 P AN [R) RV RFAE AL SR A 2

3 ABTEAFRIARIL

RS Maxwell J5 R8T SEHTAS I EZRT U7 1), fE i TR AT 2 M, kR A
e LA TR v & BB AT BRI, SR AT RHBRIE R TR, BEAG T JF4E 16471 Maxwell J5
FELAZE 1 U LG R A AS O, AT DA IR PRS0 #5 v L3y o B 37 0 RELIARL 2 TRDAH EL S L A EL%G
WAL G, B TREN A R, O B — ORI (IR 1000 Hz), 7288 HLILE B /N 4% 3 LA
WL RIS AL L, 13 BIHAEAS Maxwell J7 72

B
aa—t +curlE=0, culH=J in R?, (1)

5) Portable, extensible toolkit for scientific computation. http://www.mcs.anl.gov/petsc/.

6) Livermore’s HYPRE library of linear solvers. http://computation.llnl.gov/project/linear_solvers/index.php.

7) Trilinos home page. https://trilinos.org/.

8) MUMPS: a parallel sparse direct solver. http://mumps.enseeiht.fr/.

9) SuperLU Website. http://crd-legacy.lbl.gov/ xiaoye/SuperLU/.

10) Anasazi: a block eigensolvers package. http://www.trilinos.org/docs/r10.6 /packages/anasazi/doc/html/index.html.
11) SLEPc—scalable library for eigenvalue problem computations. http://slepc.upv.es/.
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0.458 m

027m ,7 T

4 um 0.3 mm

2 ZREWA Q, 1<6<M, BHREE

Figure 2 Geometric illustration of silicon steel laminations Q;, 1 <¢ < M

Horb B NHGEEEE, H NHRE, E NHRIZHRE. 4 Q. NS, WRIREE J &N
J=0E in Q, J=J, in R*\Q,, (2)

b o> 0 NS, J, NLEFEOREREE. X T 5 MR R R, B = (By, B, Bs) 5
H = (Hl,Hz,Hg) Z PR R R AG A B = Bi(H;), i = 1,2,3. Ammari 55T 2000 F A& IE
B 18Tl (1) MRS TR U T 5 Maxwell 75 F22H 1 AE B .

EXﬁﬁ%@lﬂHEIﬁ%ﬁiﬁ%ﬁ@ﬁ%ﬂiﬁqﬂﬁfﬁﬁjﬁﬁ, R AYAR s 25 (VRN It FE 1 B W IR S HH 22 2 ek
BRI . KT A BRICA Maxwell 75 F2 IEUE 77 O K& T TAE 195 A BE 2R
FEGE, FLAK B8 FURFE R ST AR, JEEEIEH HAE 0.18~0.35 mm, TMiAETKEEAN F 41 26 4 B A0 IR 1
2~5 um (& 2). IR N ER ) = 4EIR I, AR Gu BB J7 V7R BN AN P R A8 2B JE AT RN A% 5
gy, XA E B R HEIR Z BT, ESLbRTHE AT H). AR 4H— P Maxwell 77 F2 (1 &
A AR 156,571 FIEET PHG “F &I R I7R RS 0FR 7, I AU 8 mT DL R4 i A 1 < HLak S 7E 4 2%
BRI HEAT IS5 43, XK HIIR D 1B, 00 T8 e 28 B I A SS it 7838 1T LS5 STk [58~60).

3.1 EMRLSHIRREIEN A-¢9 2K
B Q M X B S P SR RLR R B DDA (1) ML ES A IS 0~ A0 A

O’% + curlH (curlA) = Js in €, Axn=0 on 09, A(,0)=0 in Q, (3)

Hrh H = H(B) = H(curlA) NHEEEFZIELERE. 2 Q... Qn ?J%ﬁ’élﬂ)#ﬁi%ﬁ’]ﬂ?@lz
s, M OURER T ECH  FEARIAS AR 4 um BRIZEGE (K 2). Eﬁ/m =024 Wi

divd =0 in € and J-n=0 on 0%, i=12...,M. (4)

X 3 B LR TG IR AL B T AN A S, AT LT ZE R AN P ST BUESR R TT RE (3) PR A I AUE
g 00 2T 200 I X — PR A% G B 7 1 B AR R T7 S 0 4 Gk B AT AR 51 3, FFAE BRI X 45
%o =0. W EXXE, X¥ A H B R HEIRZ R S oo ECRE .

RTERARIR AN R A, FATMB BN N . RN e i B — N A S X H o > 0
FERE AL, SRARTTRE (3) TIERAERED b S B AAAE, HUAT R RESK AN A B~ P 1 A T vk i i 4 2%
BEIBRSCHL. At FATEMRECS RN S AR B, e
i

Ad)z =divA in in
on

=—A-n on 09, i IEEL (5)
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10
o
=N
S

o a9
i A 15 I A
o 360 1
y B e ———
< 0\
>
X . SIS @ \ L
oo Non-magnetic steel NS B A Shielding
SIEE
Exciting coil
— 200
0 270 .
- Magnetic steel
ool 1 1 1 1
q : i = P
.o ' S ! coill '
g & 1 1 1 1
y, S ) :
5 - o T
% 1 1 1 1
I z < : : 1 [
N ' ' vocoil2
' ' ' v
Exciting coil . . : /

Magnetic steel 270
(2) (b)

Shielding tz

E 3 TEAM workshop 21 (55 [61]
Figure 3 TEAM workshop problem 21 [61], (a) 21b; (b) 21c-M1

EX ¢ e L2(Q) WF:

)i in O, i AMEEL, $o— Vo in Q;, i AEEL,
0 HAhHTT, 0 HAthih 7.

FATHR M A (3) IR R

0% (A + @(b) + curlH (p~teurld) = J; in Q, div(A+Ve¢;) =0 in Q, (6a)
Axn=0 on 99, (A+Vep;) - n=0 on 0%, (6b)
A(,0)=0, ¢(-,00=0 in Q. (6¢)

SR = 02

5A+ Vo). MH (5) A1 (6) AT %0 HL I 25 B i 2

divJ =0 in @ and J-n=0 on 09,
AT FELAT R B3 TR AR TSR S 1B
3.2 HEXRE

AW EREF R E T H RGO T & PHG FFRN, HES R RS TR E X E A
SIS TR AR 10000 AT E S SR A0 RV 1A AT TR L L 58 .

B 1 R E PR L 2 R FEUE R B TEAM Workshop Problem 21¢-M1(61 SR36E Tl
(6) FIIERAPE. F153MAES 9 B /NP IARSR G, BT FS B BHERE N 1.28 12, FAHH T 384
A CPU #. BB AL & — SR AR AR, — Skl R iR AN P A 2 4R e . WG B R H 20 Sk ER R AN
IR AR, PSR Lk B A 7 AR . FRSRE N 3000 22Kt < M. MAAIEN 50 Hz IO B, R
G LTRSS DL 3(b).
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® 1 EWNARMNRANKRE (W)

Table 1 Iron loss in the lamination stack and the steel plate

Measured value Computed value
3.7261] 3.73 (total loss) 2.789 (lamination stack) 0.941 (steel plate)
0.025 . . . .
0.020 - -=-Numerical data
0.015}  —Experimental data
0.010 -e-Numerical data
:  —+Experimental data
~ 0.005 |
= of
= -0.005 | |
-0.010 | i
-0.015 F i
—-0.020 1 1 1 1 1 1
—-0.35 —-0.30 -0.25 -0.20 -0.15 -0.10 —-0.05 0
z (mm)
(@)
Q 0030 T T T T T T
S 2 0025} A |
T 5 -=Numerical data
=25 0020 -+Experimental data R
279 0015t -©-Numerical data i
- —+Experimental data
gé 0.010 | i
82 0005 E
o & —0.005 | e
E -0010} E
-0.015 :
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
Measuring points
(b)

4 HEEFEITEEMSIERTL PO

Figure 4 Magnetic flux density: numerical values versus experimental values [56], (a) Example 1; (b) example 2

R 1 ROR T AR ARG PE AR AR PN BB T R R SE A, B AR . W 4 BoR T REE R
AL A A T B AR A SEIRAE, v LA X A i 2R #V) A ARG IR R IETE A (6) A&
WA AR (3) B P

B 2 AV E BRI R 2 FE A B TEAM Workshop Problem 21b 61 H [ /& 56 4IE
THEFEF IS AT R . AR 7E B 58 SR O PRI 1A FEAT IR B 5. B LA
IR I 3(a). 7E 12288 /> CPU #_ L, #H4T T & K H HEECH 4.4 /CHIFHATIFRL. 38 2 BIoRFEF 155
A RTELE 70% LA E. I EREARFBONE N 4.4 2 ARBOTFEHE R FHE 11 0%, B 4(b) SR, B
WE RS S EY) & 1R LT

4 HEUSTFHRBETFBERSIED

By EIE R A AL B A, R SO VR AR E Y A B IR EE R AL A B R A R A, SR B
90 Y, 8 R ) I T ) ke 55 R PR S 22 (620, 8 3 T 5 A R 9 A 2 2R i s B UTAE R, LA R AN
PEBR AR FUAE 25 Vv« w2 W ST B T 2 R . 88 8 B 1 I P s s AR AR AR 2 2
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% 2 TEAM workshop 21b [BIE i ERNHITHEAT B
Table 2 Weak parallel scalability in the computation of TEAM workshop problem 21b

CPU cores DOF Wall time (s) Parallel efficiency (%)
768 29 M 501.0 100
1536 57 M 542.9 90
3072 110 M 556.4 85
6144 222 M 683.8 70
12288 443 M 665.9 71

protein

5 WEXEE z MiEEN— 2 #YH. BEHRIARRMILEXSE, ERABEMESXE
Figure 5 A 2D cut of the simulation box along the z axis. The white part is the solvent reservoirs and the channel region,
the remaining part is the membrane and the protein region

T A — S R

B IRE A s R A2 RSB RE, S5 7 17 130 0 SR SR AR N 2
5 LTI B R R b 2. RS AT Ty i B R A SR A, X BRI SR PNP (Poisson-
Nernst-Planck) &S5 R RAGILL R 778 = 4l & ffmisd 12 199, 5340, 2oy T LR R BEAS
FU, FATRHATE IR AR N IEAE TE 5 A ARG R 7RI MG B 104, TXA At AE A
Jr A2 T PHG & & AT FRITRE PR SR Ml 18 AR 4t i) i g O 7.

4.1 PNP &5

PNP BRI —/N g HUSE 8, RS WL ARSI B T2 KR /R & T IliE  PNP B
R B TIRIEAM . LRI (1) 2%,

PNP 4L AT Nernst-Planck BE1E 1 Poisson FE18, H ' Nernst-Planck Bk T 5 I i# &
T TR HOS R, Poisson BB HMIA 1 #FHLS, BB BOEEE R SRR T ks ). HE—
MIFIXIE Q e R3, @ = Q,, UQs, 0 N Qs = 0, Herp Q,, FORE B BRI, Qp FoR I8 77 A E X 2.
BATH T FRFA XL A, #13 T = QN Q, Hid T B R GE 7 LA R, B 5
BB RGIE 2 07 R YIRS EL

PNP JiREdHan T

Gfell — V- J; = V {Dy()(Vei(w, t) + Bgici(w, ) V()}, € Qs 1<i<N, (7)

—V - (e(2)Vo(2)) = Ma) 2, qici(e, t) + pf (2), w e, (8)

Forf cy(a, t) REH @ FRES T IOWEE, WA o, Di(e) RSRLEMKEIT IR, o(x) £FHHEH.
N RGPS I HE TR MR H8 8 = 1/(kpT) 9 Boltzmann AERLIIEIEL b ks
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% 3 Kk PNP AI2RHITHE

Table 3 Parallel efficiency in solving the PNP equations

# processes # iterations Wall time (s) Parallel efficiency (%)
8 11 3755.6 100.0
32 11 836.5 112.2
128 11 280.1 83.8
512 11 94.3 62.2
1024 11 76.4 38.4

Boltzmann #4, T /248X, TAVEE A B REUR 0 7w 75 Qn 3, TAT—KI e(2) = 260, £
Qs 1, e(x) = 80eo, ' e RHEANHHEL BIEHRAT A o (2) = 33, ¢o(x — ;) R HIROLE 25
WHEN q; BI5rF WEHAT 20A B SR AL RHERREL A(z) £ Qs TN 1, £E Qu TR 0, By B 1
AR

TEE YR F A %R E T, PNP 0] DBHP AT S S T, 45 2145 R nidb b %,
TR EE 2 A /2 Boltzmann 43, S5 FIXH) PNP 5 #2450 HiR o 71 E W) £ b i LI
L4 Poisson-Boltzmann 7772 651, By DLX — 484 th o] LA SRR PB .

4.2 HEHF

X B EG AR S TR E K S S0 = BTRERAR 10000 FERE_E 52 B

VDAC &AL FAMR R AR B AME R A 5 838, VDAC 40 A2k 2 8] B4 = o A
RSt T3ERRE. Hodh— A VDACT FIMIGEALARE B T & A s (1015 2JK4) 661,
VDACI [f] PQR AL T 4393 NMEF. VDAC & 11838 1 AR 45 K 4b A W% AR T A (1) — M1 1
IS Sk [67) R 5.

TEAEXTRRIF 1.0:0.1 M AT 0.1:1.0 M SALEIAW R, 4 BlE A7 BRENL3) /1% BD, PNP A&
iE PNP #% SMPNP 169 f5iftl VDAC1 22 -V #h£k I S5 ik [63] K 9. A4k, T 5K
LS RIE —100 mV KR 3.68 nS, tHEZIT LIS A EH 3.9~4.5 nS.

N T VAR (0 347 243, FRATAE L T — NSRS R4, A7 1523013 N0 AURT 9149056 4
DUTHI A, 25 3 45 0 7 A FH S [ 3R R 1038 B TR A0 47 R0, Herbol it /N e A8 8 I IFAT 2R 4 =
Z1H 100%. ZHE BB FEAT R Z LS NIRRT

UbAh, FET PHG B BRIGHE Pt s D B FL 7 — b I Ath 25 30 3 1 L R R R I, 79381 T A3
[yt SR 3K — R R A ][RR S T 2Bk slAR I ) 88 ORI T, S SR I8 B R 9K A A
e Gk a4 081l TR AR AL, — MR UL T — e fLAR B NI R i@ IE B, DA
JAE—Leag i B L i U R PSSR LT, ot TR O AR A DL 2 B U 1 A

5 SERERFESHIEN

BE#% SoC (system-on-a-chip) FJ TAESUZEHE NEAS GHz, & MUBLE B FAZMAE, SHRHaEE
T2 SRR EEL, HEWE R, R, BRSSO R E RG08 ) T RER E 2
F.ONTHREEERE SoC REPERE, LAUE R FIEL B 07 BAIZE G S B L. gk T2
RBE TR A B L 2R AT . 7 . 4B 1) R e 7 B A S L 2R A S A B A A ) e R L 22
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g

6 FEMMSHIRICKMREXE Q. S;, j = 1,...,N, "ER

Figure 6 The computational domain Q. S;, j=1,..., N, are the electrodes

— IR AR L A A S, WA R . R RRRAE . AR R R L2 H 23 RIR A R AR
(R 25 2 AR SRR BUE TS ok T BRI PR, SR AL B 21tk e I O AR LA 4 109~72
TCIF AR N 50K BEA FFAT AL BERHR ) 2K, JF4T B LI L 2 A S HERBUT R BAF N E
Y E A AN HELF R S HER UM T LA

BT PHG P&, &5t @i v 5 % 454 Bk 2 2 AL BR Bt S B Bn) @, A8 1 IF4T H &
R BR TG AE P S HER I T B ParAFEMImp!? . % T B2 E PN & — N RS E ) 2405 b HE 384
EBTRIMTHFESHERM TR, ERAREWSER NN M2 5 BN A-¢ B LIFTHE
[ BR e B2 501, HLAAS A R S00n

i Q ARMXEL, T = 00 AXAF. Xk Q HFEXE Q. MIEFERXIR Qe M, Qe =
O\Qe. Te = U, S; —RIHH, B SERGFA XL A AR, Bl Te = T noQ. (A
K 6 o). RIEHIRE SL D; MK, SEEBCH . B EA 2R R R (SEhRH
S FAR RS EAE). EBUERE HY(Q) PR ¢, EEEDHEMR S; (j=1,...,N) LilE
go = Uy, Horbr U; AR BRI HS. QIR J. SIANTENUR T s ST ENAAR S, WK
B AR TTRRIR:

VxVxA+islouwA = —souVeg + s?uds  in Q,

(9)
Axn =0, onT.

EigER T i AR R XK Que W o = 0, FBOUTRERIMRAEAE SR DA —. (B, X2
SEMCIRN R 5, AT SR AR X I A, o B2 30 T LUE 5 VA R AR A A2 TR AR X g i S5 70
K PRALE B P AE AF 54 DX I PR e — 17 (731,

ParAFEMImp HR M HI&RA BR T &R ETTRE (9), A R B a2 it 7 it (10) 4
H, i Ay, AAIRTCHE, VEILSCHR [55).

np = hill s*uds — s*op(s™' Voo +iwAn) 1721
+hi|| 2 uoV - (s7'Vo +iwAn) (1721

> helllnx VX Alp e (10)
FeF,FCOT

+ > hell[Sou(sT Voo +iwAn) - nlp [,

FeF,FCOT

12) A parallel toolbox for 3D parasitic extraction of interconnects in integrated circuits. http://lsec.cc.ac.cn/
tcui/ParAFEMIMP.tar.gz.
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R4 MERBEESBRRYT R
Table 4 Strong scalability test (the adder circuit, frequency f =1 GHz)

Discretization time Solution time
CPU cores Wall time (s) Efficiency (%) # iterations Wall time (s) Efficiency (%)
768 33.6 100.0 18 548.4 100.0
1536 17.6 95.5 18 294.6 93.0
3072 9.1 92.3 15 126.5 90.3
6144 4.6 91.3 17 74.0 87.4
12288 2.4 87.5 16 56.8 53.6

A EIA MR G, BRI A XA
J
Hodr v 2RI BB ZR L, &R I; = fsj o(—iwAy —s71V¢y) - nds.
FT FIR TR HHAT BIE RS S HER VA VR AR S L 2.

)

BE 2 T BERHIT S BRI

BN HESRRIE GDSIT SO, B w, HIELHE n, BT o AHESE o, DA RRES;

Wil prAfmR ERMED Z;
B 0 TR E ZH0N GDS g IR E SO I B 3 A VU T AR PR 2
B 0 S HEFRIG PRSI B P AT RS I o R BRI ERR b, P ONERREL
<= 0;
while true do
PAT SIS EEARAE A58 T P T HUR T Re il 55
KRR BRTCA ) (9) HEAT B HK
KA IAT IS GMRES SEAUKE S HUR &, B3 A IRITTE Ay
WHEANHRTT T e M} WERREMTT np FLBIRZE o;
if n LFERE then
B H while 7EF;
else
AR R € (ARE SR bt 75 L0 % 1) BT
U RIRs ML ELF R M
<141
end if

end while

TR R LR R 1 MET Z;

MO S EERI T E, ParAFEMImp HEA7 1R & AT RO AT S0RE . ax BLA5 HH 75 [ S A
REHO PRI LA AT TR R N 48 ra B S5 % Par AFEMImp T H A0 HEAT 1958 AT 4™ & 14 il
IRGE R, LA B K B A S WL 7 MR e H B (GRAE) BH N 107539144, HL
WAERECN f =1 GHz. WP KH T MPI+OpenMP W2 B EIFAT, B4 MPI #RE P H 7 12 4
OpenMP ZF%E. & 4 FIH 18 A R AL B EA% E 7 R SRR AN B B ). {8 6144 AbFRERIXIT, 5
FER AR FRAT R TIA B 84% Fidh, TR B EUII AT 2R 9 91.3%; MITEAEH 12288 ALEEZHAZET, 77

FERMBHIIATRFRARIRAE 54% Ik, TIREBBOHT RN 87.5%.
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B7 (REIRTE) MAREELHE (a) RAKE (b)
Figure 7 (Color online) The adder circuit (a) and mesh (b)

1

‘Adaptive refinement_ «««#-«-

Q *  Aline with slope —1/3 ====--
5] 0.1 1
g :
2 0.01 :
o H
‘g 0.001 :
= 0.0001 ;
i :
8 1x10°
g,
< Ix107 - it S S,

1x107

1x107 1x10% 1x10° 1x10'"°

nDOF

8 BWREMIT T (IVERRRE, MF f = 1 GHz)

Figure 8 The a posteriori error estimate w.r.t. nDOF (the adder circuit, frequency f =1 GHz)

Kl 8 e g iR ZE M TH T BE IR N3 (0 T B 2. R T AR B, E & RO (455 U6 1R 72 T B
BB T EA RO TR, BY 1/3 By (BEB0ARAT 1SR SRR MR BT AT 5.

6 IKEARIU

VKR P S U ER R G LA TB 2 22—, G IKEE . VK2R, UK)IEE. vk FEl 5 KA R v e
FMIEAE . AE W, v 7 HOERIASE. HAT, UK vKZEANK)I 078 55T AR 2R 1.6 x 107 km?,
2y 7 A ERFE LA TAN 11% 74, HA BRIk L s 77% (1.23 x 107 km?), MR 220KEL0E 1%
(0.17 x 107 km?). fEANVKYR Bl UK 43wk, A BRiEF I LT 2 64 m, oA B UK 8 1AL AR RS B2 22
VK5 7 TTHRZ) 56.6 m A1 7.3 m (75 761 BURF IR SRR 1122 512 (IPCC) 2007 4F HIPEAl i 45 Tl
FK 100 N HEEFEDRE_ETF 18~59 cm, ST X [ N4 & 457 A 0 i s E . W A0k 5
A B (B0 F1 SR B T PO T AR Ak, IR B K S — Ve - KRR Z MM E/ERERE, AFE

VK5I SR UK S5 B 1 07, #8125 FERIE 8l 2 07 4. UK 5 30 ) 2B mT A
ANET KRG PR A 2 7 RR AR, b 112 il R () B AR 500U RT DL, BT LB ) 2 R AN
Fa 5 Stokes JTFE,

—V.-1+Vp=pg inQ, (11)
V-u=0 inQ, (12)
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Hrb, w = (w1, up,us)™ FRESE, 7 MWK, T g = (0,0, —||gll) R EITINEEL. H5E i )
WK 7y MRASTRE &;; KARMIAM TN Glen E L 778

T = 2Ny, (13)

FCrR AR ZRH ny, 2 R R N AR R TR ). DK TOUR G A2 1 EH A SR AR A, TR 5 SIS ) 3 5 2% A
FLBCE A, T LLR FH AN [R) () 2 1k B AR 2 1 1) R A 2

BTk a6 B A 98 LU RS R B LT RFAE, 76 28 vk a5 BTSRRI, Boqi ] — M B ol A e — 4 =
FDARE, SRJEAESEELTT IR B A, 4% [ 78 2 BOR G = ek G, 5o 38 = A I i 4L VU T AR R A . XS )
J1%11) Stokes HFE (11) A1 (12), SRABUEFRE N Py/ Py Taylor-Hood Rt EHL, BT 1% HfE423E
gﬂ%@ﬁﬁ, {#H Picard /7VEE#E Newton 7 VEHETIEACKR MR [79], ﬁ\%ft*j{ﬁﬁﬁ/l\gf@ﬁiﬁéﬂ, 29
PR R — N REEAR KN Stokes T7 2, RA W TFIEA:

B 0 P 0
RARA L= Fh e (f; B;) R B TR (14), 36 5 JE Schur #h 5 = BF1 BT Hyikt

L, B Stokes il {2 A8 RA I, HL S A IS s B e (80~821 S, = [ i Mpiap;dQQ.

BAME PHG P& LSBT FR B S BTSSR AR 715, FIF PHG P & J7 {8 05 B 1) 245
B FF LM R RIS, MG T LML (14) MIERUFSRIESS. PHG V-6 SR/ B BRI R4,
FESCEL AT DA A3 AN T HUERE, AR5 HET RIE 4L A, MIE R RE, JLh it Bl Schur #MNEFE S (1)
TR PHG ~F & 104 PR G R A BB, 7E TS M BB ER) P A BR GRS 2
(F). 2otk R (14) ARG T PHG “F & B ET) GMRES IECKR s, 9 RH 7 PHG
-G Shell TAEAFT4H2 FIRSEI = MPFUEAT. Bk 2 — A RS AE, 56RME Schur b
AR v LTS B R R, PR R AR SR B 7 1) /L, Forb, Schur AME AR T iH) @ A PHG
() PCG SRAFAERME, 138 FE 1 I J R 28 BT 48 REUW Poisson 72, FATTEIL PHG T & I 7MEAR
A TR HYPRE BIRE 2 B A SRR S Boomer AMG #EAT SRR,

8T F ISMIP-HOM SEE% A SRR FIR P& AR SR g o (0 v SRR i skieh, — i R RS S T7
TEUK 55 T AL TECE MR ISP B, DK R 1 L AT 2 85 DA R ABEZRY (1) &% TS 402 WL SCHiR [83), UK i R0 ek B
NZE, FEDU A 2 5 R R I A A, TS R A b R A AR R ) D TR AR A, R 6 B T ) R
20 J2, 1EKF 5 1A B AT N . JELEMEARAT 10 25 REX Picard 14X, Z J51EH Newton 54X, F{E 45
R 5. FH 25 T WL B BT A B A AR B T AR AR AR

KA BRI R, AR THT PHC “F 6 BFIUK SRS, HF FZ A 231 e T — 28 KX I )
UK AL, A LA B 0 B B 22 UK SR AT AT B B 45 L. TERE B 22 0K S AL, UK A5 IR L AT
= BRI R i SeaRISE T H 45, S SCHR [79] T AIE 2(a). UK 5 AR BEHE R B0 K [ kg B2
2ZUKEEAEAS B S/ SR [79] PRI 2(b). THE RS B 4ESELE A = AR SN 10 EE A
(R DU TR X A, AR X LA 730675 AT, K2 390 J3/MPUTHARHLE, 1700 34N E HE. iHHE 52
(I8 B35 2B SCER [79] T 2(c), E 5 LB B R BY) A, H HAE PO UK X St e ) 4.
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® 5 FHTRMBB[H AT RN, ISMIP-HOM 1§ A 7]
Table 5 Weak parallel scalability test of the solver with ISMIP-HOM experiment A [79]

Grid size DOF # procs # its (linear) # its (nonlinear) Time (s) Efficiency (%)
20 208644 4 31 25 494 -
40 827604 16 26 25 466 106.0
80 3296724 64 20 25 435 113.6
160 13159764 256 19 25 525 94.1
320 52585044 1024 20 25 886 55.8

=6 RO KIS R MBS IR

Table 6 Some software packages for large-scale seismic wave propagation simulations

Software package Numerical method Developer Prize
SPECFEM3D SE Princeton Univ., CNRS, et al. Gordon Bell Prize 03/Finalist 08
AWP-ODC SG-FD HPGeoC, SCEC Gordon Bell Finalist 10
SeisSol ADER-DG LMU, TUM, Intel Gordon Bell Finalist 14
GAMERA FE Univ. of Tokyo, RIKEN, et al. Gordon Bell Finalist 14/Finalist 15
SPEED DGSE MOX, DICA

7 XBREMERHFITIETT PML K#S

S B ABE AU A TR SR e £ 5 T R Bl R 1) o R, R BE YRR HRE TN L kA
IS A G T IZ RN IR . b 5 I S A0, R T3 B A O R VAR R B LB, R IFAT R
SR ER S AU, AR, B R BRSO R N DA SR S L R R R, — IR R
FURE I U BB LR A R AZ T A2, 1% SPECFEMS3D 1851, AWP-ODC [86]) SeisSol 871, GAMERA (88,
SPEED 189 2545 4n15% 6 Frow. ST A ER . XRS5 A DRUBE, EEXHTRE i W35 5 At
JRAAE, R RS . ARSI | B A TR AR, SR F S EE RS A BRZE 4 (SG-FD) 901 IR T
(FE) P9, %55 (SE) DU AF R @ S4 - [MWrA R T (ADER-DG) P20, [ (DGSE) B9 4% Fh
BUE 5, 7o RIE T GO BN RE ), A 808 R T HFR I AE B SE A NIRRT . 4
HiT, 1R VR AE AU I 1) B A % ) b FE AR Y L B ST S B s A . SRR BEIR
NI FH J Jig 186~881 0 o 1 R S B ASTAUAR H T B s ) K.

KX BEANET PHG PR EM— A 0T & 1 X8R S H fR e -7 i ek g a1k
fife 25 K FH 7S T AR AE 45 R P A RS e 2R it R o PMIL J5 2 193940 ) L 32 R 2 SR 7 5 70 B 1
HH BRI B R R P — ol 2 A S (991, I I 35 B AR T A7 A AT R, A AR T T R ook U MRt
H AT, iZKffes O T X MPI4+-OpenMP JRBA IFATHI4E CPU WA 2 Fh S A IR ARAS (L45
MIC, GPU FIEF=ARAZ AN 25 55). 75 e sl b, AT P AT R 3] 98304 4~ CPU # (FRAT4K
3 98.01%) & 820800 4~ MIC ¥ (FFATRE 85.50%).

7.1 HER PML SRR

ASCHIFAT UG TOR MRS T2 ] DATHER CRl) AR Chl) #ibkips. 1 5L RLIC R SR B 9] i 247 2
TEF.
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MO FEPAE L TORG KB AR SR A 5 rh AL FE AR 1 B TR F 4 109

o=0C:Vv,

(15)

Kb v, o, f, p M1 C 53R FLJ). FRUR . % BERISR P 7K &
T DX A5l RPRE 1 R g BB ARAD B DX e Ak il it a0 DU (2 4E) sRh T 7S T (3 4E). X
TR B B g, B0 22 ar 10 S A% A DX 30RG 0 2 DU AU 55 aze s 5, B InoJc B S a0 5 A A 961, %
4 88 PML MG R 1A 54, 7T S R B PML 72 in R 9994,
pv; =V -0, +0; -e,
Y; + TY; = Vo,
i +To; = Zj A,Y;, (16)

o +Tof =T o,

K, Ay = [Cinjilki=t,...a Y;, 00 NHEAEE, T = diag{n,..., 7}, T’ = diag{r{,...,7}}, . N PML
TR, ANGHHET. e MPEBEEN1INHE, i,j=1,...,d, d NZA4EEL

TEZ SO HOESE O R | & i BUH B3 A IR 2 (8] & B 13 R e ] P71 % #i R % PML
7 REEAT R T L, A& Y Rk, 153
G‘/z = Ze[_Reai|e + Ceo'i |e]7
Y3‘|e7p + T|e7ij|e,p = (RZVj|e)|p>
Gilep + TlepTilep = Zj Aij|e,ij|e,p7

0/ lep +Tlepoilep = T/|e7p‘7'i|e,pv

i, Vi, Y), 04, 07, T, T', Ajj NEME, -|.p T B HEREIFERTT e s p LIE, [ o H
HI BRI AEHTT e BIME, -, Rom H B IT ERFBIERRES p EIE, Y, - RFon oo/l
. G ONEFRFEIERN, R NHRITHIBAER:. F 2R R, AL TR, 2REEEN G N
XAFERE. X ERE, okl (17) 45 & Bl A% X (W0 Leapfrog #430) HEATHEBET 75 RARLL
P RE4L.

7.2 BITRIEERERE 5 AR SR G

wrotga (17) Wit E S E R R T TR (FE) S1ERIN Rooyl. M1 RTV]..
PR ITHI R M R BAT I R 7>

(17)

R = M'KT", (18)

Horp, M SRHOHAREE, BN d. KT (U5 S% 8058, O oot s, WAFIH Al Bl
BUg AT, IF HHME S 2 2520, T RY WA nim MU KT 1 d £%, BT 5o
I 2R I P 3 7 e 1 3 s 0 DO PS8 R 3 1 B 6 A A T R PR DR 4 1 3 B 8 e O 8 = 1 8
FE R AT DL 2 PR A AN SR 3R 7 45 1 20 R SR AR A o A 30 B e K B I AR R
SCHR [94] B HHTUF R A BT HE RS XL
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=7 TEMER PML SIBETERE 3 HIELMMIE THEIESMITE S 0512

Table 7 Comparison on storage requirement and computational complexity of different schemes [95]a)
Numerical scheme Storage requirement Flops per time step
Undecomposed (97 +40) Png + (97 + 12) Pny + 4N 3(367 + 54) Png, + 3(36r + 18) Pny + 6N
Decomposed 46 Png, + 18Png + 4N 3(12r + 84) Png, + 3(12r 4 48) Pny. + 6N
Ref. [94) 129Png + 72Png + 4N 3(12r + 222) Png + 3(12r + 69) Png + 6N

a) r is the order of the spectral element, ng is the number of elements in the PML layer, ny is the number of non-PML

elements, P = (r +1)3, and N is the number of DOF of the velocity components (N < P(ng + ng)).

% 8 FHTIETTKMRBF AT RIEML: & cPU

Table 8 Weak scalability test of the parallel spectral element solver: CPU only®

# nodes CPU cores DOF MP1 MPT+OpenMP
Wall time (s) Efficiency (%) Wall time (s) Efficiency (%)
1 24 38242371 1.3264 100.00 2.3969 100.00
8 192 303960195 1.3228 100.27 2.3528 101.87
64 1536 2423791875 1.3206 100.44 2.4598 97.44
512 12288 19358827011 1.3276 99.91 2.5095 95.51
4096 98304 154744685571 1.3533 98.01 2.6744 89.62

a) 4 processes per node and 6 threads per process in the MPI+OpenMP tests.

£ 9 FHTLTTRMBF T BRMEVK: CPU+MIC FHFHIT »)
Table 9 Weak scalability test of the parallel spectral element solver: CPU+MIC?)

# nodes MIC cores DOF Wall time (s) Efficiency (%)
1 171 38242371 1.9992 100.00
8 1368 303960195 2.0609 97.01
64 10944 2423791875 2.1123 94.65
512 87552 19358827011 2.2026 90.77
4096 700416 154744685571 2.2462 89.00
4800 820800 181335526659 2.3382 85.50

a) 3 processes per node, 1 MIC cards per process and 57 x 3 threads per MIC card.

7.3 FHTLIMEMEMRER

BTN R AT FENA FRICERAT T & PHG KATIRSENE, FATHH] T — AR PML 7
PR AT R IFAT I oK 2, E4E4E CPU WUASHI CPU+ S B A, SKAR % SCHF MPI+OpenMP
REIHT, FAIERRASSZ R MIC M1 GPU RS — 48[ P i g s, i1 1H 50k A B R4 i A2
FATVE AL 22 1A Lo BE T B R RT3 R IO AT Bl 45 M R A5 B0k, SRS LA R IO RGN FAT AT
YRR, FRATIE AIZ SR A 72 [F SRS M O B RIT 2 5 IRAT TS LA B8 23 59 7] 3 ek
AR IR 8 M 9. 75 ZLHi I I, 3R rP (0 F IR0 RE A2 I TR R T iF AR I s b i 1) 53 4k, RN
i LR AL B 51 warming up T4 P81 WTAE R, P TR AR A RAFHIFAT R R L.
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8 RLEMREE

25t 10 ZHEMHH, PHG P& O B& 7 S M /714 (10'2) B1124¢ (1017) IR R T H
U AT A BR TN HFE R IIAE 1. 22T PHG “F &I RIFHATH R F 4l CPU BT 3%
M i 2 AL TR L O RAE (FLERIFRT) BT . 4R (AR BERNART), AR O
ST T E RN R A N

1, EPERETHENLIE M HZAZIR LA B 2% (1018) 3G, HATIBHSIGIOR, 7R R45H H e s 4.
552 KN, SRR P 6 B R AT AR ATk 28507 22401+ 7 MPT ER%, I H 75 ZA S A A 75 75
Z LT S B AT IR, B N AR R R IGAE “HEReRE A <gmAEiE X iCH
2o 712 L PRI ) 5L, 7T PR T i) 4 2 B9 B P A 1 3 A1 £ k7 P T 8 D1 2 SR 3 19 OR300 )
TR, X—KH% PHG FEI T —P RS TEXMBE, Wit T HYLE. 75, AR
FMIEEXS PHG “F & TRt AN W32 th B A ER, 75 LR AT R e .

T IEN E P RETH R ALA RS MR R, W2 A PR G R FH AR P AN R W R oK, PHG P
BT PR BN EZENH T E T

—J5 T, FATEERT B GO H T EALRIAR REHRHE, 1% PHG ¥ & 1K Z 50 25 A% O
2, IR H AT I R AL, B SR S O I SRR, BRI R B RO A RO R
FFIIGEST. B, BET PHG P& RAESCRERT MPL 3R A SO0 R IFT @ M5, R 2iE
UE T AR AT B @ RIS EE R aT i ek, IAPLBEE PHG “FEH5IANZ T MR &t
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The toolbox PHG and its applications

Linbo ZHANG*, Weiying ZHENG, Benzhuo LU, Tao CUI, Wei LENG & Deng LIN

State Key Laboratory of Scientific and Engineering Computing, Academy of Mathematics and Systems Science,
Chinese Academy of Sciences, Beijing 100190, China
*E-mail: zIb@lsec.cc.ac.cn

Abstract PHG (parallel hierarchical grid) is an open source toolbox, developed by the State Key Laboratory
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of Scientific and Engineering Computing at the Chinese Academy of Sciences, for writing parallel adaptive finite
element programs. Among the many adaptive finite element toolboxes and software packages, PHG is charac-
terized by the following features: 1) The ability to provide the most recent vertex bisection-based parallel local
mesh refinement of unstructured conforming tetrahedral meshes. 2) It supports h-p adaptive finite element com-
putations. 3) It incorporates massively parallel with transparent dynamical load balancing. 4) It provides flexible
preconditioning and solutions of large sparse linear systems of equations. In this paper, the main modules and
some core algorithms of PHG are described, and some parallel applications based on PHG, including the compu-
tation of iron-loss for large power transformers, simulation of ionic transport in ion channels, parasitic extraction
of interconnects in integrated circuits, ice sheet simulation, and spectral element simulation of elastic waves with
PML, are introduced.

Keywords finite element, adaptive grid, parallel computation, ion channels, eddy current, parasitic extraction,
ice sheet simulation, seismic simulation
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